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A c c e p t e d M a n u s c r i p t mantle conditions P < 136 GPa, T < 4000 K. In particular the perovskite phase MgSiO 3 may 52 dissociate in the deep mantle of superearth planets (Umemoto et al., 2005) . The endothermic phase 53 transition corresponding to this mineral dissociation appears to have a strongly negative Clapeyron 54 slope which could induce convective layering (e.g. Honda et al., 1993) leading to reduced cooling 55 rate for the deep mantle and core. A somewhat similar configuration with an endothermic phase 56 transition from spinel to perovskite could occur close to the core-mantle boundary of Mars at pressure 57 values of about 24 GPa (Breuer et al., 1997) .
58
Due to the increased surface gravity ( g ∼ 30ms −2 ) for a representative model planet of eigth 59 times Earth's mass and outer radius (R ∼ 1.6R ⊕ ), and corresponding pressure gradient, the effective 60 lithopheric strength of these super-earth planets is probably significantly higher than for Earth-like higher internal temperatures and slower cooling of the interior.
65
Our simple density model is constrained by the given mass of the planet and we consider com- of Super Earth planets using values for the internal temperature derived from parameterized con-68 vection models, leading to mantle temperatures that are not much higher than for the Earth's 69 mantle.
70
Here we take a different tack and use the unknown temperature contrast across the mantle ∆T Since the seminal experimental work on thermal conductivity by Hofmeister (1999) becomes dominant in a composite conductivity model for these high temperatures (Umemoto et al., where the uniform density is equal to Earth's mean density, with an outer radius of twice the Earth 126 radius.
127
The other models m2, . . . , m5 are located on the dashed line of constant ρ c /ρ m = 2.35. This ratio Planetary radius as a function of non-dimensional core and mantle density (scale value ρ ⊕ = 5511kgm −3 ) for models constrained by M = 8M ⊕ and X c = X c⊕ = 0.315. The dashed line represents the subset of models with increasing uniform compression factor f (see column 2 in Table  1 ) with a fixed density ratio ρ c /ρ m = 2.35. The labeled symbols m1, . . . , m5 refer to the model cases listed in Table 1 . Table 1 : Dimensional parameters of models m1 . . . m5, corresponding to the discrete symbols in Fig.  1 . The table includes the surface-and core-mantle boundary values of the gravity accelleration g(R) and g(R c ) and the values of the static pressure at the CMB and in the centre of the planet P (R c ) and P (0).
The scaling of the surface gravity with the planet radius R for the models located on the dashed 140 line in Fig. 1 is shown in Fig. 2 Figure 2 : (a)(Left) surface gravity as a function of planet size (outer radius R) for the models constrained by M = 8M ⊕ , X c = X c⊕ = 0.315 and varying uniform compression with a fixed density ratio ρ c /ρ m = 2.35. Discrete symbols correspond to the models m1, . . . , m5 shown in Fig.1 and Table  1 . (b)(Right) radial distribution of gravity accelleration for model m4.
Convection model

156
The governing equations of the numerical model express conservation of mass momentum and energy 157 in the extended Boussinesq formulation. We have also used a 2-D Cartesian model for a planetary 158 body, which is another gross simplification. Symbols used are explained in Table 2 .
The continuity equation (1) 
174
Multiple phase transitions are implemented using an extended Boussinesq formulation through 175 phase parameter functions Γ j (P, T ), which parameterize the Clapeyron curves in the phase diagram.
176
This is expressed in the equation of state (Christensen and Yuen, 1985) ,
We apply a composite temperature and pressure dependent conductivity model which contains
179
contributions from phonon (k lat ), photon (k rad ), (Hofmeister, 1999) and electron k el transport
182
The contributions of k lat and k rad are modified versions of an earlier work (van den Berg et al., 
Symbols used in the parameterization of the conductivity are explained in 
The original polynomial representation of k rad of Hofmeister (1999) operational temperature window and tapered off to zero on both sides of this window using harmonic
197
(sine function) tapers with corner temperatures specified in Table 3 .
198
The conductivity component from electron transport is parameterized as,
where k B is Boltzmanns constant and the activation energy is set to E el = 3 eV. The prefactor value
201
for k ep , defined in Table 3 , is obtained from an estimated reference conductivity at 10000 K of 40
202
Wm −1 K −1 (Umemoto et al.,2006) . 
211
The coupled equations (1), (2) reservoir.
219
The initial condition for the temperature for all model runs was obtained from a non-dimensional A c c e p t e d M a n u s c r i p t 
Second invariant of strain rate --w Vertical velocity aligned with gravity --
where ∆η T = 300, ∆η P = 100 are viscosity contrasts due to T and P -η 0 Viscosity scale value 2.5 · 10
23
Pa s η Arr (P, T ) = B exp
E+P V RT
Arrhenius viscosity model -Pa s B Viscosity prefactor 4.98 · 10
17
Pa s E Activation energy 3 · 10
Depth dependent thermal expansivity -∆α = α(1)
Expansivity contrast across the layer 0.1-0.05
Thermal expansivity scale value 4 · 10
Density scale value 8.267 kgm
Conductivity scale value 4.7 Wm
Thermal Rayleigh number --
Rayleigh number j th phase transition --δρ j Density increment j th phase transition -kgm
Phase parameter j th phase transition -- 
Results from numerical experiments
233
Six models with contrasting parameters will be investigated which show characteristic features for Table 4 : Parameters of the phase transitions.
In the presentation of the modelling experiments, we have devoted our attention on the role 246 of the 3PO phase transition in the dynamics of mantle convection. We investigate in particular 247 the interplay of several thermal conductivity and thermal expansivity models with the 3PO phase 248 transition controling the convective layering.
249
Our emphasis is to study the influence of the variations of physical properties on the style of 250 exo-solar planetary convection under extreme conditions.
251
The characteristic parameters of the models being investigated, which are labeled A,B,C,D,E 252 and F, are given in Table 5 .
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A c c e p t e d M a n u s c r i p t Expansivity contrast conductivity model Clapeyron slope 3PO Viscosity type Model ∆α Table 5 : Characteristic parameters of the convection models investigated.
The temperature at the CMB is kept at a constant value in these models. The unknown tem-255 perature contrast across the mantle ∆T is treated as a control parameter and we have investigated 256 model behavior for the cases specified in Table 5 at three contrasting ∆T values, 6000, 8000, 10, 000
257
K respectively. Higher temperature contrasts than the estimated 4000 K for the Earth's mantle are 258 in line with a higher volume/surface ratio of the larger planet investigated. Besides bottom heating,
259
we have included internal heating from radioactive decay at a constant value of 2.5 × 10 −12 W/kg,
260
resulting values of the internal heating number R H , defined in Table 2 , vary between 10 and 17. We 261 regard this range to be a speculative conjecture.
262
In Fig. 4 representative snapshots of the temperature field and corresponding streamfunction 263 field are shown for model cases A,B,C defined in Table 5 , with the same temperature contrast 264 ∆T = 10, 000 K. 
346
Several physical effects interact in creating the dynamics of the 3PO layer. In particular the 347 conductivity model and strongly endothermic phase transition, reinforced by a low value of the 348 thermal expansivity, ∼ 5% of the surface value, play a role in controling the episodic behavior.
349
To separate these different effects we have investigated two contrasting models were the parameters 
359
The right hand frames of Fig. 7 show the result of removing the dynamical effect of the en- The latter effect can be understood by comparing the contrasting wavelength structure of the 369 lateral variations of temperature in the 3PO layer between models B and C as shown in Fig.4B ,C.
370
The temperature field of the variable conductivity results is clearly dominated by longer wavelengths convective layering (Tackley, 1995 ).
374
The mechanism described above results from a more or less constant (in time) high effective 375 conductivity value in the bottom layer including the phase boundary, comparable to a downward 376 shift of the local Rayleigh number with well known impact on the phase induced convective layering 377 (Christensen and Yuen, 1984) . To test this explanation we did a model run, labeled E in Table 5 , Table 5 . We have compared the instantaneous temperature profiles for the two models and com-404 pared them to a reference adiabat chosen by visually matching with the time dependent geotherm.
405
We also computed the deviation between the local temperature gradient and the adiabatic gradient
407
We display the results in Figure 12 . Three frames are shown for each value of ∆T , 1) for the 408 horizontally averaged temperature profile, 2) the temperature difference with the reference adiabat which is longer for lower temperature contrast across the mantle.
416
It looks like in the initial spin-up of the model cold material is dumped and hot material rises.
417
Hot material is mixed rapidly in the upper half of the model as a result of the penetrative layering profiles, which is similar to Fig. 13 . 
475
We give the corresponding results to Fig. 16 for the constant conductivity model B in Fig. 17 . 
482
The electron thermal conductivity k el becomes operational at T > 5000K (see Fig. 3 ). Since the 483 radiative component k rad tapers off for T > 5000K, there is a thresholding effect and represents
484
an effective switch from k rad to k el at this temperature. k el is the dominant mechanism near the 485 bottom boundary layer for the model with ∆T = 10, 000K.
486
The results presented sofar show clearly that an episodic type of deep mantle dynamics is pro- Table 2 , in a model, labeled F in Table 5 , with identical thermophysical parameters as in model C viation from a thermal evolution predicted by parameterized convection (Sharpe and Peltier, 1978) .
526
Our calculations address a number of important dynamical problems in thermal convection of 527 super-Earth planets. However, we note that our model does have some shortcomings such as lack of 528 density stratification, curvature from a spherical-shell model and also the assumption of a large core.
529
However, all of these factors will conspire to induce greater degrees of layering in mantle convection.
530
An interesting outcome from our study is the development of a super-adiabatic layer of around 531 700 km, which coincides with the location of the 3PO phase transition. This relatively thick super-532 adiabatic layer will influence the amount of heat delivered from the core and the thermal evolution 533 of the planet.
534
The major result from our work comes from the interplay between the strongly endothermic 3PO 535 phase transition and the electronic thermal conductivity, which allows for the periodic build-up of 536 thermal energy to be discharged across the bottom boundary layer in the form of coherent upwellings.
537
This represents a new type of episodic dynamics in which focussed plumes are periodically generated,
538
by the steep rise in the exponential temperature dependence of the thermal conductivity.
539
We have shown that the high value of the thermal conductivity in the bottom thermal boundary 540 layer is the critical ingredient creating this new dynamics. This was done by reproducing similar 541 episodic dynamics with a purely depth dependent conductivity model defined from a time averaged
542
conductivity profile of a model case with a fully temperature and pressure dependent conductivity.
543
This high degree of similarity shows that positive feedback from the temperature dependence of 544 conductivity into the dynamics of plume formation is not a first order effect. 
659
We further assume the mass fraction of an assumed metal core X c to be given. In the modelling 660 experiments we set X c = 0.315, equal to the Earth value.
661
The model can then be formulated in terms of the volume average densities of the core ρ c and 662 mantle ρ m . This way the outer planet radius R and the core radius R c can be expressed in terms 663 of M , X c and ρ c , ρ m .
664
As a first approximation of cases with a self-compressing planet we consider several models parameterization can be used to study in a simple way the effect of compression on the internal 668 gravity and pressure distribution.
669
In the following expressions are derived for the outer radius of the planet and its core in terms
670
M, X c , ρ c , ρ m . For the total planetary mass we have,
The core radius is derived from the core mass fraction as,
674
An expression for the outer radius is derived from the total mass as,
With the non-dimensionalization scheme,
we get,
For the special case of a uniform sphere with M = 1 this expression produces a unit non-dimensional show similar data for a modelrun with the same parameters as the variable conductivity model C except that the Clapeyron slope of the 3PO phase transition has been set to zero (right hand results). The number of up-and downward phaseboundary crossing events is 2506 and 2514 respectively. 
